The creation of new nanostructures enabling nanoscale chemical/biological interactions has opened a wide range of applications. These applications currently play a vital role in interdisciplinary sciences[@b1][@b2][@b3][@b4]. In addition, nanotextured surfaces have been proposed for nanohybridization using a defined surface covered with nanostructures[@b5]. Nanoscale structures combined with noble metals are expected to yield novel materials that will create new avenues for diagnosis and therapeutics. These nano-creations, with different sensing properties including optical, electronic, and magnetic abilities, can be used as part of a semiconductor-based sensing system. Furthermore, metal nanoparticles have been used for high-performance sensing through the production of hybrid nanocrystals[@b6][@b7]. These novel nanostructures coupled with metal nanoparticles are expected to enhance optical and electronic properties[@b8][@b9]. Noble metal nanostructures possess unique properties, such as high sensitivity, chemical stability and bio-compatibility[@b10][@b11]. Computational modelling and experimental evidence have indicated that the doping density influences the sensitivity of bio-recognition[@b12][@b13]. Thus, nanohybrids are a new functional class and represent one of the most promising candidates for the exploration of new applications[@b14]. Zinc oxide (ZnO) has received much attention over the past decade due to its unique optical and electronic properties as an important metal oxide semiconductor derived from the group II--VI series in the periodic table[@b15]. ZnO has a wide bandgap of 3.37 eV and a large exciton binding energy of 60 meV[@b16]. Studies that focused on the morphological aspects of ZnO nanostructures have found these materials to be useful because of their ease of synthesis, high crystallinity with low structural defects and low processing temperatures. ZnO also possesses excellent electrical characteristics, suitable for the development of fast and accurate sensors[@b17][@b18][@b19]. The biocompatibility characteristics of ZnO make this material a convenient choice for conducting surface functionalization and interfacing with chemical and biological compounds at pH extremes[@b20]. Nanohybrids that comprise ZnO and noble metal nanoclusters have attracted tremendous interest in recent years owing to their potential for improved catalytic activity, excellent surface-to-volume ratio and several functionalities that are superior to those of pure ZnO nanomaterials[@b20][@b21]. However, gold nanoparticles (AuNPs) have high electron affinity, and the Schottky barrier produced between AuNPs and various metals is high[@b22]. Because of the unique characteristics of gold (Au), such as suitable with surface chemical functionalization, biocompatibility, anti-oxidative characteristics, high conductivity and the ability to tailor Au to uniform and different nano-sizes, this metal has been actively researched[@b23][@b24][@b25][@b26]. Therefore, the agglutination of AuNPs into a ZnO nanostructure enables thiolated biomolecules to bind easily, directly and selectively. These compatibilities permit the selective binding of a nucleic acid-based probe to the agglutinated AuNP for the specific bio-recognition of DNA hybrids expressed in the bacterial genome of pathogenic strains of *Leptospira interrogans* which leads to leptospirosis. Leptospirosis is an epidemic bacterial disease that is caused by spirochetes (specifically, *Leptospira* species), which infect humans and other species of vertebrates. Pathogenic *Leptospira* is the prime causative agent of severe pulmonary haemorrhage, acute respiratory failure, myocarditis, meningitis and renal failure in humans[@b27][@b28]. Furthermore, given the existence of more than three hundred *Leptospira* serovars, distinguishing between pathogenic and non-pathogenic strains is mandatorily required[@b29]. Currently, no published studies have been conducted on *Leptospira* detection using nanostructured biosensors. To address these issues, a specific gene that is expressed only in pathogenic *Leptospira*: Hemolysis-associated protein-1 (Hap1)[@b30]---was selected for probe design and interactive analyses were performed by hybridization and mis-matching. This detection strategy was implemented on a metal-oxide-nanoparticle-agglutinized nanowire, creating 'spotted nanoflowers' (NFs) that provide a sensing platform for multiple applications.

Results and Discussions
=======================

To investigate the effect on the conduction mechanism of agglutinized AuNP layers of various thicknesses, AC impedance spectroscopic analyses were performed. The results depicted in [Supplementary Fig. 1a](#S1){ref-type="supplementary-material"} show that the impedance and dielectric constant decreased as the thickness of the AuNP seeding increased (0, 10, 20 and 30 nm), whereas the conductivity varied in the opposite manner and increased ([Supplementary Fig. 1b](#S1){ref-type="supplementary-material"}). These variations were attributed to the grain sizes and dipole dynamics[@b31]. However, a contrasting trend was observed with the 40-nm-thick AuNP layer. [Supplementary Fig. 2](#S1){ref-type="supplementary-material"} presents the characteristic photoluminescence manifested by ZnO NFs before and after Au sputtering. In the bare ZnO NFs, a weak near-band-edge UV emission at 379 nm and a broad, strong green emission peak at 550 nm were observed. Upon Au sputtering, the UV emission intensity drastically increased whereas the green emission was significantly reduced. Moreover, the near-band-edge UV emission intensity increased with the increase in the thickness of the AuNPs. As shown in the inset ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}), the enhancement factor of the UV emission reaches a maximum value with a 30-nm sputter thickness and then decreases with a further increase to a AuNP thickness of 40 nm. A reason for this attenuation is that the increase in the thickness of the AuNP layer causes the accumulation of AuNPs on the surface of the ZnO NFs, eventually forming a continuous film. Thus, the adsorption of AuNPs leads to a non-radiative dissipation of surface plasmon which suppresses photon emission[@b32]. Thus, the agglutination of 30 nm of AuNP was selected for this study from the different thicknesses of AuNPs analysed. The bifunctional ZnO-Au nanohybrids offer unprecedented nanostructures, high catalytic activity, high sensitivity and stability for use in biosensing applications. A systematic study on the energetics of ZnO-Au nanohybrid systems is important to tailor the properties of next-generation bio-nano devices. Hence, in this study we characterized the intrinsic properties of ZnO-Au nanohybrids morphologically and structurally. The selective bio-capture of thiolated probe DNA and hybridization with complementary target DNA is illustrated in [Fig. 1a](#f1){ref-type="fig"}. To further elucidate the biosensing capacity of these novel nanohybrids, we examined their biomolecular interactions using impedance spectroscopy.

Morphological features of ZnO-Au nanohybrids
--------------------------------------------

### Field emission scanning electron microscopy (FESEM)

The surface morphology of the Au-doped ZnO nanostructure was characterized via FESEM. The FESEM images depicting the morphological features of ZnO nanostructures obtained before and after Au sputtering are presented in [Fig. 1b,c](#f1){ref-type="fig"}, respectively. [Figure 1c,d](#f1){ref-type="fig"} shows the complete structure of the nanowire, which forms a flower-like structure with Au seeded in this nanostructure, causing it to have the appearance of a 'spotted flower' (henceforth referred to as a 'spotted NF'). Clear agglomerations of the AuNPs were observed on all the petals of the spotted NF, demonstrating their homogeneity. The spotted NF morphologies of the ZnO matrix were substantially coarsened due to the attachment of AuNPs and this attachment contributed to an increased surface area. It is expected that the reduction in defects caused by oxygen vacancies is possible due to this significant increase in surface area. This improvement facilitates the chemisorption of organic molecules on the substrate and will accommodate high numbers of DNA molecules during the immobilization and hybridization processes[@b33].

### Transmission electron microscopy (TEM)

The structural morphology of the spotted NF composites was further confirmed by TEM. [Figure 2](#f2){ref-type="fig"} reveals TEM images at both low and high magnifications and selected area electron diffraction pattern (SAED) of the fabricated spotted NF. The magnified TEM images in [Supplementary Fig. 3](#S1){ref-type="supplementary-material"} indicate that the average length of the spotted NF is 2--3 μm, and the diameter is approximately 100 nm. The AuNPs, which were relatively well deposited onto the highly crystalline ZnO NF surface, are seen in the low-magnification TEM image ([Fig. 2a](#f2){ref-type="fig"}) as dark, contrasting spherical, dumbbell and irregularly shaped structures. The AuNPs have a mean diameter of 10.6 nm, with a 2.8 to 28.7 nm min-max at a sputtered thickness of 30 nm, as seen in the inset of [Fig. 2a](#f2){ref-type="fig"}. The high-resolution TEM (HRTEM) image of the region shown in [Fig. 2a](#f2){ref-type="fig"} is illustrated in [Fig. 2b](#f2){ref-type="fig"}. The image also reveals that a typical AuNP deposited on the NFs has a diameter of approximately 10 nm. This image also demonstrates the lattice fringes of the spotted NFs owing to the interplanar lattice spacing of 0.24 nm and 0.28 nm corresponding to the Au (111) crystal planes and ZnO (100) planes, respectively[@b34]. This information suggests that the AuNPs exist in a face-centred cubic structure. [Figure 2c](#f2){ref-type="fig"} shows the corresponding SAED pattern of ZnO, which indicates the presence of a highly crystalline ZnO wurtzite structure, whereas [Fig. 2d](#f2){ref-type="fig"} shows a different orientation of crystallography planes denoting the polycrystalline nature of the deposited AuNPs[@b35][@b36]. The corresponding SAED patterns of Au and ZnO NFs indicate the hybrid structure of the spotted NF as shown in [Fig. 2e](#f2){ref-type="fig"}.

Structural characterization
---------------------------

### X-ray diffraction (XRD)

An XRD analysis was carried out to study the crystal quality, size, plane orientation and morphology of the fabricated spotted NFs. As shown in [Fig. 3a,b](#f3){ref-type="fig"}, the diffractograms of spotted NFs were compared with those of pure ZnO NFs. The diffraction peaks corresponding to Au and ZnO were matched with the reference spectra of ZnO JCPDS Card No. 36-1451 and bulk Au JCPDS Card No. 65-2879. The obtained XRD patterns have reflection peaks at 31.86° (100), 34.49° (002), 36.34° (101), 47.63° (102), 56.65° (110), 62.96° (103) and 68.04° (112) ([Fig. 3a](#f3){ref-type="fig"}) and thus can be classified as the wurtzite phase of the ZnO nanostructure. Thus, the resultant planes demonstrated that the pure hexagonal wurtzite ZnO structures were synthesized with high-quality crystals and c-axis alignment. [Figure 3b](#f3){ref-type="fig"} shows the XRD spectra of the spotted NFs with three additional diffraction peaks compared to the pure wurtzite ZnO nanocrystals ([Fig. 3a](#f3){ref-type="fig"}). The diffraction peaks at 38.27°, 44.49° and 64.6° are assigned to diffraction lines of (111), (200) and (220), respectively, which index as the face-centred cubic of Au[@b37][@b38]. The results were in good agreement with the results obtained from SAED and HRTEM. The crystallite structures of ZnO and AuNPs were estimated using the Scherrer equation. The crystallite size of the ZnO nanowire was 54.7 nm whereas the AuNPs were 9.6 nm, in good agreement with the HRTEM results.

### Energy-dispersive X-ray spectroscopy (EDX)

The EDX spectrum of the fabricated ZnO-NF-Au nanohybrids is presented in [Fig. 3c,d](#f3){ref-type="fig"}. The EDX spectrum demonstrates the presence of oxygen (O) and zinc (Zn) peaks in the ZnO NFs, as shown in [Fig. 3c](#f3){ref-type="fig"}. There is a strong Au peak present together with the Zn and O peak in the spotted NF, as shown in [Fig. 3d](#f3){ref-type="fig"}. These results confirm the deposition of AuNPs on hydrothermal-grown spotted NFs. Furthermore, this result demonstrates the absence of other impurities in the prepared sample.

Selective bio-capture
---------------------

X-ray photoelectron spectroscopy (XPS) studies were performed to investigate the elemental composition present on the outermost layer of the spotted NFs and its degree of transformation on the surface upon the immobilization and hybridization of DNA designed for the detection of *Leptospira*. These interactions were analysed by XPS, and the core level XPS spectra of spotted NFs, spotted NF/p-DNA (probe) and spotted NF/p-DNA/t-DNA (duplexed) bioelectrodes are shown in [Fig. 4](#f4){ref-type="fig"}. In [Fig. 4a](#f4){ref-type="fig"}, a wide XPS survey scan revealed the presence of carbon (C), O, Zn, and Au in all the samples analysed. The Au, Au4f and Zn, Zn2p peaks were recorded at higher resolution from spotted NFs, as shown in [Supplementary Fig. 4](#S1){ref-type="supplementary-material"}. The Zn2p indicates binding energies of 1022.6 eV and 1045.8 eV, corresponding to a Zn^2+^ valance state. Binding energies of 83.6 eV and 87.8 eV corresponding to Au4f~7/2~ and 4f~5/2~, respectively, were also observed. The variation in the Au4f~7/2~ binding energy compared to the 84.0 eV of bulk Au demonstrated the strong electronic interaction between the AuNPs and ZnO NFs. Phosphorus (P) and nitrogen (N) photoelectron peaks also existed for the spotted NF/p-DNA and spotted NF/p-DNA/t-DNA samples. The XPS spectra in the present study have photoelectron peaks of Zn, O and Au from the spotted NF, whereas peaks observed for elements C, N, P correspond to the functional groups of the DNA molecule, which consists of a phosphodiester deoxyribose backbone and bases (adenine, thymine, cytosine and guanine)[@b39][@b40][@b41][@b42]. These results confirm the presence of DNA molecules in the spotted NF/p-DNA and spotted NF/p-DNA/t-DNA samples. As shown in [Fig. 4(a--e)](#f4){ref-type="fig"}, the intensity of each element decreases as the immobilization and hybridization process occurs, mainly due to the higher inelastic mean free path (IMFP) attributed to the layer of DNA molecules adhering on the sample surface[@b43][@b44]. This substantiates the idea that the DNA molecules are successfully immobilized and hybridized on the spotted NF bioelectrode. Although the deconvoluted P2p profile shown in [Fig. 4b](#f4){ref-type="fig"} has a lower signal-to-noise ratio, it is possible to detect the peak upon immobilization and hybridization. P2p can be interpreted as a strong confirmation of the bond formation between the DNA oligomer and Au substrate[@b42][@b43]. The N1s spectrum is shown in [Fig. 4c](#f4){ref-type="fig"}, where a clear difference in the photoelectron peak formation upon immobilization and hybridization can be seen. In addition, there is also a shift of binding energy between the immobilization and hybridization results. This shift is ascribed to the bond formation between ssDNA and dsDNA on the surface of the spotted NF[@b40][@b41]. The core level binding energies of O1s and C1s, which resolved into several peaks, are shown in [Fig. 4d,e](#f4){ref-type="fig"}. These elements, along with binding energy and assignment, are shown in [Supplementary Table 1](#S1){ref-type="supplementary-material"}. Hence, these XPS results suggested that DNA molecules were successfully immobilized and hybridized on the spotted NF surface.

Biomolecular interaction analyses by impedance spectroscopy
-----------------------------------------------------------

Nyquist plots of the AC impedance spectra for the samples of spotted NFs, spotted NF/p-DNA and spotted NF/p-DNA/t-DNA are shown in [Fig. 5a](#f5){ref-type="fig"}. The obtained Nyquist plot can be expressed with a Randles equivalent circuit ([Fig. 5a](#f5){ref-type="fig"} inset), where the parameters Ra and Rct represent the bulk solution resistance and charge transfer resistance respectively while CPE is an abbreviation for constant phase element. The spotted NF morphology of a ZnO matrix which is substantially coarsened due to the attachment of AuNPs has contributed to high surface roughness at the interfacial layer of the sample. Such changes in the electrode surface may cause nonhomogeneity which subsequently leads to variability in the relaxation times. Hence, double-layer capacitance CPE were chosen instead of pure capacitance. The semicircle (i) in the impedance spectrum represents the interfacial charge transfer resistance, Rct (\~0.16 MΩ), corresponding to the carrier transfer from the modified electrode to the ferricyanide in the solution ([Fig. 5a](#f5){ref-type="fig"}). The results suggest that the interfacial layer of bare a spotted NF has an excellent electron transfer ability towards the electrolyte solution because of its high surface area. An increase in the Rct (\~0.35 MΩ) value with respect to the bare spotted NF was observed upon the immobilization (semicircle (ii)) of SH-ssDNA probe. Thus, the observed increase in diameter is explained due to the adsorption of the probe DNA immobilized by the Au-SH bond on the surface, thus blocking the diffusion of \[Fe(CN)~6~\]^3--/4--^ to the electrode surface. The observation of such an increase not only confirms the effective immobilization of the probe DNA but also reveals the electrostatic repulsion caused by the electro-negative phosphate skeleton of the DNA. Furthermore, a corresponding increase in the Rct (1.10 MΩ) value for the spotted NF/p-DNA/t-DNA was observed (semicircle (iii)). This is caused by an increment in the negatively charged phosphate skeleton of DNA resulting from the hybridization process, leading to an increase in electrostatic repulsive force between the negatively charged phosphate backbone and the \[Fe(CN)~6~)\]^3--/4--^ anions at the electrode surface. Therefore, the resultant Rct value confirms the successful hybridization of the target DNA on the probe-immobilized bioelectrode. [Figure 5b](#f5){ref-type="fig"} depicts the Nyquist plot of the probe DNA-modified bioelectrode exposed to various concentrations of target DNA (10^−6^ to 10^−13^ M). As seen in [Fig. 5b](#f5){ref-type="fig"}, the Rct value increased upon hybridization with increasing concentrations of target DNA. The increase in the DNA concentration leads to an increase in the repulsion between the redox anion and the phosphate backbone of the probe molecule which appears as a significant increase in the charge transfer resistance, Rct. [Supplementary Table 2](#S1){ref-type="supplementary-material"} displays the simulation results with nonlinear curve fitting for the measured impedance with an equivalent circuit. [Figure 5c](#f5){ref-type="fig"} depicts the imaginary part of the impedance by plotting 'Z' against the logarithm of frequencies which exhibit the relaxation frequencies. The decrease in the imaginary part of the impedance indicates that the conductivity of the sensor increases, whereas the shift indicates that the DNA concentration decreases and the relaxation time increases. Thus, decreasing the DNA concentration results in an overall decrease in the imaginary part of the impedance, which reflects the ease of flow for the charge carriers within the AC electric field[@b31][@b45]. Additionally, the effects of both the complementary DNA concentration and frequency on the sensitivity of the spotted NF bioelectrode are shown in [Fig. 5d](#f5){ref-type="fig"}. The sensing mechanism of a spotted NF can be described starting from the fact that oxygen molecules from the ambient atmosphere can be easily adsorbed onto the ZnO NFs owing to the large surface area--to-volume ratio of the ZnO nanostructures. This leads to a migration of electrons from the conduction band of ZnO towards oxygen, creating a depletion layer with lower conductivity (O~2~ (gas) + e^−^ = O~2−~ (ads))[@b38][@b45]. Therefore, the ZnO nanostructure agglutinized with AuNP is a system in which the Fermi energy level of ZnO is lower than that of Au. This energy-level disparity is a consequence of the fact that the work function of ZnO is higher (5.2--5.3 eV) than that of Au (5.1 eV), resulting in an electron transfer from Au to ZnO until the two systems reach a dynamic equilibrium[@b36][@b37]. The electron transfer leads to an ohmic junction at the agglutination point due to a decrease in the ZnO depletion layer with a higher conductivity. Conversely, the selective capture of the immobilized thiolated probe DNA onto the AuNP alters the dynamic equilibrium obtained after the Au agglutination. The covalent bond between Au and sulphur[@b46] gives rise to a hole current density on the ZnO surface induced by the negatively charged phosphate backbone. This results in a decrease in the electron concentration again leading to broadening of the depletion layer, which lowers the conductivity.

Analytical performance of a spotted NF biosensor
------------------------------------------------

We further tested the analytical performance of spotted NF bioelectrodes, as shown in [Fig. 6(a--d)](#f6){ref-type="fig"}. In brief, the spotted NF bioelectrode has good linearity, and a detection limit of 100 fM was estimated using a signal-to-noise ratio of more than 3σ[@b47][@b48]. The Rct value of the t-DNA (1 nM) was ∼6.7 MΩ, which was nearly 8.5 times larger than that of single-base-mismatched DNA (∼0.78 MΩ) at the same concentration, indicating that the DNA biosensor has excellent sequence specificity towards even a single base mismatch. Therefore, the specificity reported is among the best result reported compared to previous literatures[@b48][@b49][@b50]. The cross-specificity with other bacteria and non-pathogenic *Leptospira* species/serovar is also shown in [Fig. 6b](#f6){ref-type="fig"}. The value of the Rct signal does not vary significantly in the presence of unrelated molecules indicating non-influence of the individual interferants. The reproducibility curve ([Fig. 6c](#f6){ref-type="fig"}) of the developed spotted NF bioelectrode has a relative standard deviation (RSD) of 3% with 5 parallel measurements prepared under similar processing conditions. The electro-analytical response of the spotted NF bioelectrode is shown in the inset of [Fig. 6c](#f6){ref-type="fig"}, revealing that the response time for this DNA sensor can be 1 min with complete duplex formation[@b51]. The stability results ([Fig. 6d](#f6){ref-type="fig"}) indicated that the prepared bioelectrode is very stable and loses only 70% of its activity, even after 10 weeks. As shown in the inset, the Rct values for the bioelectrode both before and after regeneration were found to be the same, with negligible differences. After 10 regenerations and hybridizations, the electrode lost only approximately 9.3% of its original Rct signal value. Therefore, the regeneration of the proposed DNA sensor possesses potential for repeated monitoring of target DNA.

Conclusions
===========

In the field of nanotechnology, nanostructures, nanohybrids, nanoelectronics, nanotextures and nanosensors are important candidates in bottom-up and top-down approaches to lead the way towards interdisciplinary sciences. In this study, we combined these disciplines and created a novel spotted flowered nanowire for impedance sensing to distinguish pathogenic and non-pathogenic *Leptospira* species. A clear demonstration of femtomolar sensitivity was obtained. Furthermore, stability, reproducibility and regeneration of this sensing surface were demonstrated. These appealing characteristics of distributed AuNPs on ZnO NFs enable the immobilization of different probes for human pathogen detection and can act as a single platform for multiple detection strategies. This approach could be potentially expanded to an array-based technology for high-throughput and multiple diagnoses.

Methods
=======

Materials and reagents
----------------------

ZnO seed solution sol gel was prepared using zinc acetate dihydrate \[Zn(CH~3~COO)~2~.2H~2~O\] (98%; Sigma Aldrich, St. Louis, Missouri, USA) in ethanol solvent (EtOH; 99.99%; J.T. Baker, Center Valley, Pennsylvania, USA). Monoethanolamine (MEA; 99%; Merck, Kenilworth, New Jersey, USA) was used as a stabilizer. Hydrochloric acid (HCl; 37%; J.T. Baker, Center Valley, Pennsylvania, USA), aqueous ammonia (NH~4~OH; 30%; J.T. Baker, Center Valley, Pennsylvania, USA), hydrogen peroxide (H~2~O~2~; 30%; J.T. Baker, Center Valley, Pennsylvania, USA) and DI water were used to prepare standard cleaning 1 (RCA1) and standard cleaning 2 (RCA2) solutions. Buffered oxide etchant (BOE; 6:1; J.T. Baker, Center Valley, Pennsylvania, USA), negative photoresist (NR7-6000PY; Futurrex, Franklin, New Jersey, USA) and resist developer (RD6; Futurrex, Franklin, New Jersey, USA) were used for the photolithography. The growth solution was prepared by mixing equal concentrations (25 mM) of zinc nitrate hexahydrate (99%; Sigma Aldrich, St. Louis, Missouri, USA) and hexamethylenetetramine (99%; Merck, Kenilworth, New Jersey, USA) in DI water. A 0.05 M phosphate-buffered saline (PBS) solution was prepared from 0.1 M sodium phosphate buffer (Sigma Aldrich, St. Louis, Missouri, USA) with 0.15 M sodium chloride (NaCl, Sigma Aldrich, St. Louis, Missouri, USA) and the pH was adjusted to 7.4. Sterile double-distilled and deionized water from Sigma Aldrich was used throughout the experiments. Tris-EDTA buffered solution (pH 7.4, Sigma Aldrich, St. Louis, Missouri, USA) was used to dilute the oligonucleotides. Finally, sodium dodecyl sulphate (SDS; 98%; Sigma Aldrich, St. Louis, Missouri, USA) was used for the removal of unbound probe or target. Potassium ferricyanide \[K~3~Fe(CN)~6~\] and potassium ferrocyanide \[K~4~Fe(CN)~6~\] (Sigma Aldrich, St. Louis, Missouri, USA) were used for the impedance measurements. All other chemicals were of analytical grade and used without further purification. The oligonucleotides were purchased from First BASE laboratories Sdn. Bhd (Selangor, Malaysia). The 21-mers oligonucleotide sequences used in the present work were as follows:

Thiolated probe DNA (p-DNA) - 5'-SH-(CH~2~)~3~-CCG TGA TTT TCC TAA CTA AGG -3'; complementary target DNA (t-DNA):5'-CCT TAG TTA GGA AAA TCA CGG -3'; non-complementary target DNA (nc-DNA):5'-GAC CTT TGA TTT TCA TTC TTA -3'; one-base mismatching target DNA (m-DNA):5'- CCT TAG TTA GGA ATA TCA CGG -3'; three-base mismatching target DNA (tm-DNA): 5'- CCT TAG TTA GGA TTT TCA CGG -3';

The single-strand thiolated probe DNA (p-DNA) was designed from HAP1. The HAP1 nucleotide gene sequence used to design the probe in this study was obtained from GenBank database. The whole genomic sequence can be found in GenBank (<http://www.ncbi.nlm.nih.gov/nuccore/AF366366.1>).

Fabrication of interdigitated electrodes (IDEs)
-----------------------------------------------

A p-type silicon wafer was cleaned using RCA1, RCA2 and BOE to remove organic and inorganic contaminants and the native oxide layer on the wafer surface[@b52]. Next, the silicon wafer was rinsed and cleaned with deionized water. An SiO~2~ layer approximately 200 nm thick was produced on the cleaned wafer surface using a wet oxidation furnace. Using a conventional lithography process, an IDE device of 7 mm × 5 mm in size was patterned using negative resists (NR7-6000PY) on the SiO~2~/Si substrate. A thermal evaporator (Auto 306 thermal evaporator; Edwards High Vacuum International, Wilmington, MA, USA) was used to deposit a titanium/Au (500/3000 Å) layer on the SiO~2~/Si substrate and the layer was patterned using a lift-off process. Eventually, the negative photoresist sacrificial layer which formed was removed using acetone. In this work, an IDE with 16 fingers was fabricated, in which the width and length of each finger were 0.1 and 3.9 mm, respectively, and the spacing between the two adjacent fingers was 0.1 mm.

Preparation of ZnO NFs
----------------------

ZnO NFs (ZnO NFs) were prepared as follows. First, 8.78 g of Zn(CH~3~COO)~2~.2H~2~O was dissolved in 200 ml of ethanol solvent (ZnO seed solution sol gel). The concentration of ZnO was kept constant at 0.2 M. The mixed solution was then vigorously stirred with a magnetic stirrer at 60 °C for 30 min. The MEA stabilizer was added drop by drop to the ZnO solution with constant stirring for 2 h. Finally, the transparent and homogenous solution was stored for aging at room temperature for 1 day. The aged ZnO sol gel was deposited onto the IDE device drop by drop using a spin coating technique at a speed of 3000 rpm for 20 s. The deposition process of the seed layer was repeated 3 times to obtain a thicker ZnO thin film (ZnO TFs). For each deposition process, the coated ZnO TFs were dried at 150 °C for 20 min to remove the organic residuals that might exist on the ZnO thin films. The coated ZnO TFs were then annealed in a furnace under ambient air at 300 °C for 2 h to obtain highly crystallized ZnO. For the hydrothermal growth of ZnO NFs, the prepared substrate with the coated seed layer was submerged backward inside the growth solution using a Teflon sample holder. Equal concentration (25 mM) growth solution was prepared by mixing both zinc nitrate hexahydrate and hexamethyltetramine in deionized water. The growth process was completed inside an oven at 93 °C for 5 h. The prepared hydrothermally grown ZnO NFs were cleaned with isopropanol and deionized water to remove residual salts prior to annealing in a furnace under ambient air at 300 °C for 2 h.

Preparation of ZnO-NF-Au nanohybrids
------------------------------------

ZnO-NF-Au nanohybrids were prepared using a sputtering method. To form the ZnO-NF-Au nanohybrids, 10, 20, 30 and 40 nm Au wetting layers were physically deposited by a Sputter coater (EMS550X) with a Au target and a rotating stage. The detailed experimental conditions were as follows: electric current was maintained at 25 mA for 2--8 min with vacuum pressure of Argon process level at 10^−2^ mbar. This process allowed us to obtain Au-decorated ZnO NFs forming ZnO-NF-Au nanohybrids.

Pathogenic *Leptospira* DNA immobilization and hybridization
------------------------------------------------------------

The ZnO-NF-Au nanohybrid electrodes were cleaned and dried using nitrogen and used to fabricate DNA biosensors to detect *Leptospira*. The direct immobilization of probe DNA onto the electrode surface was achieved by dispensing 10 μL of 1 μM probe DNA solution in Tris-EDTA buffer for 3 h followed by washing the electrode and then rinsing with sterile double-distilled water. The DNA hybridization was accomplished by dispensing the probe modified electrodes into different concentrations of target DNAs (complementary, non-complementary and mismatches). The electrodes were washed after the hybridization process to remove any unbound target before any measurements were taken. The complete immobilization process of thiolated probe DNA and hybridization with target molecules is schematically illustrated in [Fig. 1](#f1){ref-type="fig"}. The electrodes' hybridized DNA was regenerated by rinsing the surfaces with hot (95 °C) deionized water for 2 min, followed by rapid cooling in an ice bath. The surface was repetitively hybridized and regenerated with target molecules for reusability testing. The stability of the probe DNA electrodes was studied for 4 weeks by performing the assay on a daily basis. Electrodes were stored at 4 °C when not in use.

Microscopic nano imaging
------------------------

The morphology and structural properties of the ZnO-NF-Au nanohybrid samples were investigated using FESEM (Carl Zeiss AG ULTRA55, Gemini). Further nanoscale imaging was performed with the aid of TEM. High-resolution TEM (HRTEM) images and SAED of the ZnO-NF-Au nanohybrids were acquired using a Philips CM-200 Twin with incident energy of 200 keV.

Structural analysis
-------------------

XRD (Bruker D8, Bruker AXS, Inc., Madison, WI, USA) with a Cu Kα radiation (λ = 1.54 Ǻ) was used to study the crystallization and structural properties of ZnO-NF-Au nanohybrids. XRD patterns were recorded in the range of 30° to 70° operating at a voltage of 40 kV and a current of 40 mA. The XRD peak analysis was carried out using the DIFFRAC^plus^ (2003 version of the Eva 9.0 rev.0 software. The material composition, immobilization and hybridization were analysed using XPS (Omicron Dar400, Omicron, Germany). The chamber pressure was maintained at 2.4 e^−10^ Torr throughout the measurement. The obtained peaks were deconvoluted using CasaXPS software.

Impedance spectroscopy and optical measurements
-----------------------------------------------

Electrical measurements of current to voltage (I--V) were taken using (Kiethley 6487 Picoammeter) and impedance spectroscopy measurements were performed with a Novocontrol alpha high-frequency analyser (Hundsangen, Germany). To characterize the ZnO-NF-Au nanohybrids, the prepared sample was immersed in PBS buffer (pH 7.4) containing a mixture of 2 mM K~3~\[Fe(CN)~6~\]/K~4~\[Fe(CN)~6~\]. The impedance spectra of the real and imaginary parts of impedance, Zs' and Zs", were obtained by sweeping the frequency of 1--100 MHz with an applied AC amplitude of 1 V RMS. All the measurements were recorded at room temperature. The sensitivity of the fabricated spotted NF sensor was evaluated as a function of frequency and complementary DNA concentrations according to the following relationship in equation 1:

Where Z~immo~ represents the real part of impedance upon immobilization probe DNA and Z~hyb~ represents the real part of impedance after hybridization of complementary DNA under different concentrations. The impedimetric DNA biosensor sensitivity is evaluated from the slope of the linear plot between the value of ∆Rct and the concentration of t-DNA.

In addition, the optical and luminescence properties of the ZnO-NF-Au nanohybrids were studied through photoluminescence fluorimetry (PL, Horiba Fluorolog-3, HORIBA Jobin Yvon Inc., USA). The PL spectra of sample were recorded at different angle and position to assure the result is not influence by sample non-homogeneity.
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![(**a**) Schematic illustration of the steps involved in the synthesis of the spotted NF DNA bioelectrode. (**b**) FESEM image of low magnification revealing the flower-like ZnO nanostructure possessing hexagonally shaped tips, which demonstrates the high crystallinity of the prepared ZnO nanowire ends. (**c**,**d**) Low- and high-magnification images of spotted NFs indicate that radially oriented NFs have an average length of 2--3 μm and a diameter of approximately 100 nm.](srep12231-f1){#f1}

![(**a**) Typical TEM micrograph of spotted NFs. The inset graph is a histogram with normal distribution showing the particle size distribution (**b**) A high-resolution TEM image showing the lattice fringes of Au and ZnO on spotted NF (**c**) Selected area electron diffraction pattern of the ZnO nanowire illustrated a hexagonal spot pattern corresponding to (100) and (002) planes, (**d**) the crystallography plane of AuNPs indexed to (111), (200) and (220) and (**e**) SAED pattern of Au and ZnO NFs that indicate the hybrid structure of the spotted NF.](srep12231-f2){#f2}

![(**a**,**b**) X-ray diffraction and (**c**,**d**) energy-dispersive X-ray spectra of ZnO NF before and after Au sputtering.](srep12231-f3){#f3}

![(**a**) Survey scan of XPS core level spectra taken on a spotted NF, immobilized (spotted NF/p-DNA) and hybridized (spotted NF/p-DNA/t-DNA) bioelectrode. (**b**) Binding energy of P, P2p (**c**) N, N1s (**d**) C, C1s and (**e**) O, O1s electrons.](srep12231-f4){#f4}

![(**a**) Impedance spectra of (i) spotted NF, (ii) spotted NF/p-DNA (probe) and (iii) spotted NF/p-DNA/t-DNA (duplex) bioelectrode, the inset shows the Randles equivalent circuit, where the parameters Ra, Rct and CPE represent the bulk solution resistance, charge transfer resistance and constant phase element, respectively (**b**) Impedimetric response curve of spotted NF/p-DNA hybridized with different concentrations of complementary target DNA (i-viii) 10 μM to 100 fm, (**c**) Imaginary part showing the overall impedance, which decreases, and the peak frequency, which is shifted towards the higher frequencies as the concentration of complementary DNA decreases. (**d**) The gain curve of spotted NF/p-DNA hybridized at different concentrations.](srep12231-f5){#f5}

![(**a**) Shows the linear regression curve for different concentrations of target DNA with linear equation ∆Rct = 1.456E6x + 1.915E7, (R^2^ = 0.995). (**b**) The bar chart shows the specificity of the spotted NF bioelectrode towards mismatching and cross hybrids; the inset shows a box plot of complementary and non-complementary target oligonucleotides hybridized to the immobilized probe oligonucleotides at different target oligonucleotide concentrations (**c**) The reproducibility curve is shown with 5 parallel bioelectrodes prepared under similar processing conditions; the inset shows the electroanalytical curve for the 1 min response time. (**d**) Showing the stability of the spotted NF biosensor. Inset shows the regeneration Nyquist plot for the spotted NF biosensor.](srep12231-f6){#f6}
